The C-terminal binding protein 2 (CtBP2) is a 48 kDa phosphoprotein reported to function as a corepressor for a growing list of transcriptional repressors. It was recently demonstrated that CtBP is a dimeric NAD + -regulated D-isomer-speci®c 2-hydroxy acid dehydrogenase. However, the speci®c substrate(s) of CtBP enzymatic activity and the relationship of this activity to its co-repression function remain unknown. The ability of a human CtBP to bind and serve as a co-repressor of E1A has been shown to be regulated by nuclear NADH levels. Here we extend the functional characterization of CtBP by demonstrating that amino acid substitutions at Gly189 in the conserved NAD + -binding fold both abrogate the ability of CtBP2 to homodimerize and are associated with a dramatic loss of co-repressor activity. Consistent with the known enzymatic activity of CtBP2, mutations at Arg272 in the substrate-binding domain and at His321 in the catalytic domain result in signi®cant loss of CtBP2 transcriptional co-repressor activity. High resolution serial Cterminal deletion analysis of CtBP2 also revealed a novel N-terminal repression domain that is distinct from its dehydrogenase domain. Our results suggest a model in which CtBP2 co-repressor function is regulated, at least in part, through the effect of NADH on CtBP2 homodimerization.
INTRODUCTION
The recent identi®cation and characterization of a growing list of transcriptional co-activators and co-repressors has led to a paradigm shift in our understanding of gene transcriptional regulation. Members of one such family of co-repressors, the C-terminal binding proteins (CtBPs) [reviewed in Turner and Crossley (1) and Chinnadurai (2) ], have been increasingly reported to be a component of many important co-repressor complexes. CtBP is a 48 kDa cellular phosphoprotein comprised of 445 amino acids. It was originally identi®ed through its ability to complex with the C-terminal region of the E1A adenoviral oncoprotein (3, 4) . Through a direct protein±protein interaction, CtBP negatively modulates the oncogenic transformation activity of the E1A protein (3, 5) . This member of the CtBP family has been designated human CtBP1 (hCtBP1). BLAST analysis of the expressed sequence tag (EST) database identi®ed another homolog of CtBP, designated hCtBP2 (6) . The murine ortholog of CtBP2 (mCtBP) was subsequently isolated by Turner and Crossley (7).
CtBP1 and CtBP2 are able to heterodimerize and homodimerize (8) . CtBPs can repress transcription in either a histone deacetylase-dependent or -independent manner, depending on the promoter context (2) . CtBP family members bind to a short sequence motif, Pro-X-Asp-Leu-Ser (PXDLS), which has been designated the CtBP interaction domain (CID) (4) . The interaction of CtBP with the CID can be regulated by acetylation of residues found near the motif (9) . Mutation of the CID in the E1A protein leads to a decline in transcriptional repression by CtBP and increases the ability of E1A to direct transformation (3, 4) .
Members of the CtBP family show a high degree of conservation among vertebrates and invertebrates. More interestingly, the CtBPs exhibit a remarkable conservation of amino acid sequence homology with various members belonging to the D-isomer-speci®c 2-hydroxy acid dehydrogenase (2HAD) family of bacterial enzymes. Overall sequence alignment of CtBP with the vancomycin resistance gene (VanH), an NAD + -dependent 2HAD from Enterococcus faecium (10), showed 67% similarity overall. hCtBP1 binding to E1A was recently reported to be dramatically regulated by nuclear NADH levels (11) . The binding of NADH was also found to be responsible for hCtBP1-regulated transcriptional co-repression. Low levels of NADH, within the normal physiological range, were required to stimulate the interaction of E1A and hCtBP1. Mutational analysis revealed that Gly183 at the putative NAD + -binding domain in hCtBP1 is crucial for NAD + dose-dependent binding to E1A. Zhang et al. suggested a model whereby hCtBP1 evolved from bacterial dehydrogenases and reductases in a manner that led to a loss in enzymatic activity, but allowed the retention of the ability and the capacity to bind and be regulated by NAD + /NADH levels (11) . During the preparation of this manuscript, Kumar et al. reported de®nitive biochemical and crystallographic evidence demonstrating that functional CtBP is a dimeric NAD + -regulated dehydrogenase, with the ability to bind and serve as a co-repressor of the E1A oncoprotein and RIP140 repressor (12) .
We now show that the ability of CtBP2 to homodimerize is NADH dependent. Amino acid substitutions at conserved residue G189 in the 2HAD homology domain of CtBP2, which has been implicated in NAD + binding for the D-isomerspeci®c 2HAD family of enzymes, abrogate the dosedependent effect of NADH on CtBP2 homodimerization and are associated with a dramatic loss of transcriptional corepressor activity. We propose that cellular levels of NADH act to regulate CtBP2 co-repressor function by modulating the homodimerization function of CtBP2. High resolution serial C-terminal deletion analysis of CtBP2 also revealed a hitherto unreported N-terminal repression domain that is distinct from its dehydrogenase domain.
MATERIALS AND METHODS
All recombinant DNA work was performed using standard techniques (13) . All PCR-generated constructs were con®rmed by sequence analysis.
Plasmids
A full-length mCtBP2 cDNA (DDBJ/EMBL/GenBank accession No. AA929588) was identi®ed by a BLAST search of the EST database. Sequence analysis revealed that this clone is completely identical to the previously reported mCtBP2 sequence (7) . The full-length mCtBP2-coding region was cloned into pET21b (Novagen) by PCR using the primers CtBP-Koz (+), 5¢-CCGCGGCGCATATGGCCCTTGTGGA-TAAGCAC-3¢; and CtBP-Term (±), 5¢-GTGCTCGAGTGCG-GCCGCTTGCTCGTTGGGGTGCTCTCG-3¢. The mCtBP-2 fragment was excised with NdeI and NotI, and subcloned into the pBXG1N [a gift from Mark Ptashne; Kakidani and Ptashne (14); Sadowski et al. (15) ] and SV/HA epitope tag vectors (16) , in-frame with the 5¢ Gal4-DNA binding domain (Gal4DBD) and HA tag, respectively. The Gal4DBD±CtBP2 cassette was also subcloned into pBlueScript (Stratagene). C-terminal deletions of the full-length mCtBP2 cDNA were created by PCR (primer sequences available upon request) followed by direct cloning into pCR â 2.1-TOPO (Invitrogen). Inserts were subsequently subcloned into pBXG1N.
Site-directed mutagenesis
Site-directed mutagenesis was performed using the QuikChangeÔ 1-day Site-Directed Mutagenesis Kit (Stratagene). All primer sequences for site directed mutagenesis are available upon request. mCtBP2 cDNA mutants were subcloned into pBXG1N.
DNA transfection and reporter gene analysis
The C33A and U2OS cell lines (American Type Culture Collection) were maintained in Dulbecco's modi®ed Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). C33A cells were transfected by calcium phosphate precipitation (17) . Transfected cells were harvested 48 h posttransfection. U2OS cells were transfected using SuperfectÔ Transfection Reagent (Qiagen) and harvested 24 h posttransfection. The amount of SV40 promoter DNA (pBXG1N vector) transfected was kept constant. Luciferase activity was measured using the Dual-Luciferase Reporter 1000 Assay System (Promega). Transfections were typically performed in duplicate and repeated in 6±8 independent experiments. Gal4-tagged proteins and cdk2 protein levels were determined by western blot analysis with mouse monoclonal antibodies (Santa Cruz).
In vitro and in vivo binding studies
In vitro translation (IVT) products were synthesized using the TnT T7-coupled reticulocyte lysate system (Promega) using cold methionine, or labeled with [ 35 S]methionine. Binding reactions were performed as described (18) using [ 35 S]methionine-labeled CtBP mutants with unlabeled wildtype Gal4DBD-tagged mCtBP2 in 1Q IP buffer (16) . Immunoprecipitation of Gal4-tagged mCtBP2 was carried out using the mouse monoclonal antibody to the Gal4DBD (Santa Cruz). The following concentrations of NADH (Sigma), as previously employed by Zhang et al. (11) , were used for the binding reactions and the wash buffers: 1 and 100 nM, 10, 100 and 500 mM, and 1 mM.
To study the dimerization of CtBP2 in vivo, U2OS cells were co-transfected with HA-mCtBP2 wild-type and Gal4/ mCtBP2 site-directed mutants. After 36 h, cells were incubated with 100±400 mM cobalt chloride (CoCl 2 ; Sigma). Whole-cell lysates were prepared 1 h post-treatment by incubating with 1Q IP buffer for 30 min at 4°C. Immunoprecipitation of HA-tagged mCtBP2 was carried out using a mouse monoclonal antibody against the HA tag (Santa Cruz). Co-immunoprecipitated Gal4/CtBP2 mutants were detected with a horseradish peroxidase (HRP)-conjugated anti-Gal4DBD antibody.
Partial proteolysis assay
In vitro translated [ 35 S]methionine-labeled wild-type and mutant CtBP2 proteins were partially digested with 0.2 mg/ml of papain (Sigma) at 37°C for 10 min in reaction buffer, as previously described (12) . The digested products were separated on a 15% SDS±polyacrylamide gel, dried and exposed to ®lm.
RESULTS

mCtBP2 is highly homologous to the 2HAD family of bacterial enzymes
A comparison of the amino acid sequence of mouse and human CtBP1 and CtBP2 with the well-characterized enzymatic functional domains of three representative members of the 2HAD family of bacterial enzymes (Fig. 1 ) demonstrated a high degree of amino acid sequence homology. Sequence alignment was performed using the ClustalX program (19) . Human and mouse CtBP ortholog sequences were completely identical in these functional domains. Of the three bacterial 2HAD family members shown, D-3-phosphoglycerate dehydrogenase (PGDH), an enzyme from Methanococcus jannaschii (20) , showed the highest homology to CtBP2. There was a high amino acid conservation of 68% for the NAD + -binding domain (Fig. 1A) , 72% for the substrate-binding domain (Fig. 1B) and 44% for the catalysis domain (Fig. 1C) . The hydroxypyruvate reductase enzyme (HPR) from Hyphomicrobium methylovorum GM2 (21) and vancomycin resistance protein VanH from Enterococcus faecium (10) showed signi®cant but lower degrees of homology with mCtBP2 (Fig. 1A±C) .
In addition to a high degree of homology in the 2HAD functional domains between these proteins, key residues implicated in NAD + binding, substrate binding and catalysis were strictly conserved in mouse and human CtBPs (Fig. 1A±C) . The NAD + domain [reviewed in Bellamacina et al. (22) ] was responsible for coenzyme binding and consists of the distinctive amino acid motif GXGXXG(17 X)D, which is highly conserved in all other NAD + -dependent dehydrogenases (23, 24) . The alternating b-strand±a-helix motif is a distinctive feature of this domain and has been named thè Rossmann' fold (25) . Not only were the three glycines (amino acid residues 184, 187 and 189) within the NAD + -binding domain of CtBP found to be conserved in the same positions, but the aspartic acid residue 17 amino acids away was also conserved in all but VanH (Fig. 1A) . The function of the negatively charged aspartic acid is to form hydrogen bonds with the 2¢-hydroxyl group of the adenine ribose moiety (23) .
Arg272 within the substrate-binding domain of CtBP (Fig. 1B) and His321 within the catalysis domain of CtBP (Fig. 1C) have also been strictly conserved through evolution. Mutation of this catalytic histidine residue (His 296) in Dlactate dehydrogenase of Lactobacillus plantarum led to a complete loss of its activity (26) . Thus, this speci®c histidine is essential for the catalysis by D-lactate dehydrogenase. This His296 is part of the aspartic acid±histidine pair, which functions as a proton relay system during catalysis (27) . Notably, although mammalian CtBPs are phylogenetically distant from the 2HAD family of bacterial enzymes, amino acid residues crucial to the activity of these prokaryotic enzymes were found to be highly evolutionarily conserved in their eukaryotic CtBP counterparts.
High resolution serial C-terminal deletion analysis of CtBP2 reveals a novel N-terminal repression domain distinct from its dehydrogenase domain
In order to delineate the regions necessary for the transcriptional co-repressor activity of mCtBP2, 12 Gal4-tagged Cterminal deletion constructs were made using a PCR cloning approach. Consecutive serial deletion constructs differed by only 18±54 amino acid residues. A schematic diagram of all the deletion constructs, indicating a central extended region comprised of amino acid residues 20±353 reported to be conserved among all CtBPs (2), is shown in Figure 2A . Luciferase activity observed for pBXG1N/CtBP2-11 and -12 was comparable with that of the full-length protein, indicating that the last 76 amino acids are not necessary for transcriptional repression of a heterologous enhancer promoter. Further deletion of amino acids 340±368 to create pBXG1N/CtBP2-10 (1±339), resulting in the removal of 13 amino acid residues from the central conserved region, resulted in a signi®cant increase in derepression to 23.8%. Progressive deletion to amino acid 193 within the dehydrogenase homology domain, which removed the catalysis and substrate-binding domains as well as a portion of the Rossman fold of the NAD + -binding domain (conserved glycine residues still present), only led to a slight increase in derepression. Complete deletion of the NAD + -binding domain in pBXG1N/CtBP2-5, which removed the conserved glycine residues essential for NAD + binding, led to a further 10% increase in derepression to 37.4%. Thus NAD + binding may play an additional role in the regulation of CtBP2 transcriptional co-repression activity, independent of the other 2HAD domains essential for dehydrogenase activity. Notably, the deletion of conserved amino acid residues 157± 139 resulted in a further decrease in derepression to 59.6%, suggesting the novel ®nding that amino acids preceding the NAD + -binding domain may play a role in the repression activity of CtBP2.
It was previously reported that N-terminal amino acids 1±95 were not required for hCtBP1 to repress a Gal4tkCAT heterologous reporter, nor did they exhibit independent transcriptional repression activity (28) . We found that progressive deletion of residues 138±25 was associated with a stepwise increase in transcriptional repression activity to 26.6%, comparable with that of pBXG1N/CtBP2-10 (1±339).
This gain-of-repression activity either suggests the presence of a novel potent N-terminal repression domain, or is the result of removal of a cryptic activation domain contained within residues 25±138. Western blot analysis of whole-cell lysates veri®ed that the full-length and deletion mutants of mCtBP2 proteins were expressed at comparable levels in C33A cells (top panel of Fig. 2B) .
In order to rule out the presence of a cryptic activation domain(s) contained within residues 25±138, we performed an N-terminal deletion analysis of the pBXG1N/CtBP2-4 constructs encoding residues 1±138 (Fig. 3A) and determined the transcriptional effects of the deletion mutants on a heterologous basal promoter in C33A cells. Western blot analysis con®rmed comparable expression levels of all transfected constructs (Fig. 3B) . The full-length mCtBP2 (pBXG1N/ CtBP2 FL), pBXG1N/CtBP2-4 and pBXG1N/CtBP2-1 constructs exhibited levels of repression activity comparable with that previously observed for the C-terminal deletion analysis employing a heterologous enhancer promoter (compare Figs  2A and 3A) . Progressive N-terminal deletion of residues 1±79 [constructs pBXG1N/CtBP2 (D1±24) and pBXG1N/CtBP2 (D1±79)] was associated with a progressive increase in repression activity (Fig. 3A) . These results indicate the presence of a bona ®de novel N-terminal repression domain consisting of residues 1±138.
Completely conserved amino acids within the 2HAD homology domain of CtBP2 play a role in transcriptional repression
In order to determine whether key conserved residues Gly189, Arg272 and His321 in the putative 2HAD enzymatic functional domains of mCtBP2 play a role in transcriptional repression activity, single amino acid substitutions were made at each of these positions by site-directed mutagenesis. A list of all the amino acid and nucleotide changes in these sitedirected mutants are shown in Table 1 .
To investigate the possible roles of the three completely conserved glycines in the NAD + -binding domain, the middle glycine was mutated in an effort to disrupt NAD + binding. Gly189 in this middle position is an absolute requirement for NAD + binding, as any other amino acid residue bearing a side chain at this position would pose steric hindrance and prevent NAD + binding (23) . G189R is a Gly®Arg mutant at amino acid position 189. Due to concerns that introducing a charged residue at this position may lead to an alteration in the secondary structure of CtBP2, we created two additional mutants (G189S and G189A), reasoning that Gly®Ser and Gly®Ala substitutions would have less of an effect, if any, on overall CtBP2 structure. The conserved arginine at amino acid position 272 was mutated to leucine (R272L). Similarly, the conserved histidine at amino acid position 321 was also changed to leucine (H321L). Since the previously published CtBP crystallography data were not made available on the public domain (12) , the mutant mCtBP2 sequences were modeled against the known crystal structure of the 2HAD family member PDGH (29) using the GeneMine software (30) . Results from our modeling analysis led us to infer that none of the amino acid substitutions resulted in any gross changes in the overall secondary and tertiary structure of mCtBP2 (results not shown). In order to con®rm the modeling results utilizing a biochemical assay, [ 35 wild-type and mutant full-length mCtBP2 in vitro translated proteins were subjected to partial proteolytic digestion with papain. Results reveal that all the mCtBP2 mutants (including the G189A/R and S) showed a pattern of two closely separated bands, indistinguishable from that observed with wild-type mCtBP2 (Fig. 4A) . Thus, results obtained using two independent methodologies suggest that substitution of single amino acid residues in the mCtBP2 site-directed mutants are unlikely to result in gross changes in protein structure.
As has been previously reported (7), we ®rst con®rmed that the expression of wild-type Gal4-tagged mCtBP2 led to a potent dose-dependent repression of a heterologous SV40 enhancer±activated reporter construct in transfected C33A cells (results not shown). Transfection of 100 ng of the Gal4/ CtBP2 wild-type construct repressed transcription to~20%, compared with the vector control set arbitrarily at 100% (Fig. 4C) . We next examined the transcriptional repression activity of the mCtBP2 site-directed mutants. All three G189 mutants led to a quantitatively similar and dramatic loss of transcriptional repressor activity (~85% reporter activity compared with control), consistent with our observations from structural modeling studies that the various amino acid substitutions at position 189 did not affect the overall structure of mCtBP2. Mutations at position R272L and H321L were also associated with signi®cant loss of transcriptional repression activity, while a double mutant G189R/R272L essentially abolished transcriptional repression (Fig. 4C) . Western blot analysis of whole-cell lysates veri®ed that the wild-type and mutant mCtBP2 proteins were expressed at similar levels in C33A cells (Fig. 4B) . Determination of cdk2 protein levels served as a control for equal protein loading. Our results strongly implicate a functional role for key conserved amino acid residues within the 2HAD homology domain of mCtBP2 in mediating transcriptional repression activity. Notably, mutagenesis of the single evolutionarily conserved amino acid at G189 alone, predicted to cause a functional disruption to the NAD + -binding domain of mCtBP2, was associated with near complete loss of repression activity.
Mutations at conserved amino acid G189 affect CtBP2 dimerization
Functional CtBP is known to exist as a dimer (8) . The presence of NADH increases the binding of CtBP to E1A (11) . Here, we investigated whether increasing levels of NADH had an effect on the ability of mCtBP2 to homodimerize and the role of residue G189 in this process. Wild-type and G189 mutants of mCtBP2 were in vitro translated and labeled with [ 35 S]methionine. A Gal4-tagged mCtBP2 was also in vitro translated with and without the addition of [ 35 S]methionine. Analysis of all radioactively labeled IVT products by SDS± PAGE con®rmed that both the tagged and untagged proteins were transcribed and translated at the same ef®ciency (Fig. 5A) . Larger molecular weights species were consistently seen in all four lanes. These most probably represent phosphorylated forms of the in vitro translated mCtBP2 wild-type and mutant proteins (3, 4) . We next demonstrated that the radioactively labeled Gal4-tagged mCtBP2 IVT product, but not untagged mCtBP2, could be immunoprecipitated with a mouse monoclonal antibody against the Gal4DBD (Fig. 5B) . We devised a co-immunoprecipitation assay to investigate the direct effect of the G189 mutations on the ef®ciency of mCtBP2 dimerization (Fig. 5C ). Unlabeled Gal4-tagged mCtBP2 was mixed with [ 35 S]methioninelabeled untagged wild-type and G189 mCtBP2 mutant IVT products in binding reactions, and dimerization ef®ciencies were assessed by immunoprecipitation with anti-Gal4DBD antibody. Detection of dimerization resulting from Gal4/ CtBP±CtBP/Gal4 or CtBP/Gal4±Gal4/CtBP interactions (bottom two complexes in Fig. 5C ) was effectively ruled out because the Gal4-tagged proteins were not [ 35 S]methionine labeled. Since the Gal4 tag alone was also unable to interact and co-immunoprecipitate [ 35 S]methionine-labeled mCtBP2 (Fig. 5D ), all bands visualized were solely due to dimerization arising from [ 35 S]methionine-labeled wild-type or mutant mCtBP2 with cold Gal4/CtBP2. Dimerization ef®ciencies for all mCtBP2 G189 mutants with Gal4-tagged mCtBP2 were signi®cantly lower compared with wild-type mCtBP2 homodimerization (Fig. 5E, top panel) . Dimerization of the R272L and H321L mutants to wild-type mCtBP2 served as excellent positive controls. Dimerization ef®ciencies for mCtBP2 R272L mutants with Gal4/CtBP2 were comparable with wild-type mCtBP2 homodimerization. The H321L mCtBP2 mutant was able to bind even better than the wild-type mCtBP2 (Fig. 5E, bottom panel) .
Next, we determined whether NADH levels affected the dimerization ef®ciencies of mCtBP2 in vitro. By using the coimmunoprecipitation method as described above, we observed that increasing levels of NADH dramatically increased the ef®ciency of mCtBP2 homodimerization (Fig. 6A) . Physiologically relevant NADH levels as low as 1 nM led to an observable increase in mCtBP2 homodimerization. It has been reported that while increasing levels of NADH lead to enhancement of binding between wild-type hCtBP1 and E1A binding, a G183A mutant of hCtBP1 still binds to E1A at background levels but in an NADH-independent manner (11) . By using the co-immunoprecipitation method as described above, we also observed that increasing amounts of NADH did not lead to a signi®cant increase in homodimerization of all three [ 35 S]methionine-labeled G189 mCtBP2 mutants to unlabeled Gal4-tagged mCtBP2. However, the dimerization ef®ciencies of both the R272L and H321L mutants were found to be responsive to NADH, although dimerization ef®ciencies were not as strong as observed with the wild-type mCtBP2 (Fig. 6B) . We conclude that mCtBP2 homodimerization occurs through both NADH-dependent and -independent mechanisms. The presence of NADH signi®cantly enhances the dimerization ef®ciencies of mCtBP2. During the preparation of this manuscript, exclusion chromatography was used to independently demonstrate that CtBP exists in a dimeric form in the presence of NAD + /NADH (31). A similar co-immunoprecipitation experiment was carried out to test the dimerization ef®ciencies of wild-type and mutant mCtBP2 in vivo (Fig. 7) . U2OS cells were cotransfected with HA/mCtBP2 wild-type and the respective Gal4/mCtBP2 wild-type and site-directed mutants. Similar to what was observed in vitro, G189 mutants dimerize less ef®ciently to wild-type mCtBP2, as compared with wild-type mCtBP2 and the R272L and H321L mutants (Fig. 7B) . Since the key determinant of the cellular redox state within the cell is the ratio NADH:NAD + rather than the absolute values of NADH or NAD + , we used CoCl 2 to alter these ratios. CoCl 2 is known to alter the chemical redox state of the cell by increasing the cellular ratio of NADH to NAD + . Increasing doses of CoCl 2 led to a concomitant increase in dimerization between wild-type mCtBP2 proteins. as well as between wildtype mCtBP2 and the R272L and H321L mutants, but was not observed in the case of G189 mutants (Fig. 7C) .
DISCUSSION
The members of the mammalian family of CtBP co-repressor proteins have been identi®ed as components of a growing list of transcriptional co-repressor complexes, which have been implicated in diverse biological functions and roles such as gene transcriptional regulation, development and tumorigenesis [reviewed in Turner and Crossley (1) and Chinnadurai (2)]. We have been particularly intrigued by the possibility that the CtBPs may be the mammalian orthologs of the Western blot analysis of whole-cell lysates of C33A cells transfected with 100 ng of wild-type and mutant Gal4-tagged mCtBP2. Membranes were probed with both anti-Gal4DBD and anti-cdk2 mouse monoclonal antibodies. (C) C33A cells were transiently transfected with 100 ng each of Gal4-tagged mCtBP2, Gal4-tagged mCtBP2 single and double mutants, together with 3 mg of the SV40 enhancer reporter plasmid pG5-GL3(SV).
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D-isomer-speci®c 2HAD family, and thus represent a novel family of redox-regulated and enzymatically active transcriptional co-repressors. During the preparation of this manuscript, Kumar et al. reported de®nitive evidence that functional CtBP is a dimeric NAD + -regulated dehydrogenase, with the ability to bind and serve as a co-repressor of the E1A and RIP140 proteins (12) .
We now provide the ®rst evidence that homodimerization of mammalian CtBP2 is regulated by the NADH level and is functionally mediated, at least in part, by the completely conserved Gly189 residue in the NAD-binding domain known as the`Rossmann' fold (25) . Notably, site-directed mutagenesis of the evolutionarily conserved Gly189 residue alone leads to both a dramatic decline in homodimerization ef®ciency and transcriptional repressor activity. A double mutant G189R/R272L, which also introduces an amino acid substitution at a highly evolutionarily conserved arginine residue implicated in substrate binding for bacterial 2HAD All three domains within the 2HAD homology region of CtBP that play a role in enzymatic activity in bacterial orthologs have been reported to be important for homo-and heterodimerization of mammalian CtBPs (8) , suggesting that these domains play dual functional roles. Our observations from high resolution C-terminal serial deletion analysis of mCtBP2 provide further support for this model. Constructs pBXG1N/CtBP2-10 through pBXG1N/CtBP2-6 displayed similar levels of transcriptional repression activity, thus de®ning a functional`repression domain' within the 2HAD homology region that includes the catalysis and substratebinding domains, and the C-terminal portion of the Rossman fold. Further deletion of residues 158±192 containing the three conserved glycines in the NAD + -binding domain resulted in a further loss of transcriptional repression activity, suggesting a functional role for the NAD + -binding domain independent of its role in mediating dehydrogenase activity. Our studies (Figs 3±6) indicate that one such role could be to mediate NADHregulated homodimerization of CtBP2. Serial deletion analysis also revealed the existence of a novel CtBP2 repression domain comprised of amino acid residues 1±138. Notably, CtBP3 lacks residues 1±20, which are conserved among all vertebrate CtBP1 and CtBP2 family members (2), thus highlighting the potential structural and perhaps functional differences between family members.
Although CtBP is abundant in the nucleus, it is not exclusive to it (1) . In order to rule out the possibility that increasing concentrations of NADH might have a regulatory effect on the subcellular location of CtBP (i.e. translocation from cytoplasm to nucleus), we performed immuno¯uores-cence studies in C33A and U2OS cells. Cells were separately treated with increasing doses of NADH (0.1±10 mM), CoCl 2 Figure 7 . NADH regulates homodimerization of mCtBP2 in vivo. (A) A schematic diagram illustrating the in vivo co-immunoprecipitation and dimerization assays is shown. The shaded sphere represents the protein A agarose bead that binds to the anti-HA monoclonal antibody. This antibody recognizes the HA tag on HA/mCtBP2, which in turn dimerizes to Gal4/mCtBP2 wild-type or mutant proteins. Homodimerization of HA/ CtBP2 through protein interactions mediated by CtBP2 (second complex) cannot be detected by the Gal4DBD monoclonal antibody used for the western blot. Similarly, homodimerization of Gal4/CtBP2 through protein± protein interactions mediated by either CtBP2 (third complex) or the Gal4DBD (fourth complex), which is known to homodimerize (e.g. CtBP2/ Gal4±Gal4/CtBP2), cannot be detected since Gal4DBD proteins cannot be immunoprecipitated by the anti-HA antibody. (B) Co-immunoprecipitation of mutant G189A, G189R, G189S, R272L and H321L mCtBP2 proteins using a mouse monoclonal antibody against HA. (C) Co-immunoprecipitations of G189A, G189R, G189S, R272L and H312L proteins with HA/mCtBP2 were performed using a mouse monoclonal antibody against HA in the presence of increasing concentrations of CoCl 2 . (100±200 mM) or NaN 3 (another redox-inducing chemical; 5±20 mM). The location of endogenous CtBP as determined by immuno¯uorescence remained principally nuclear in both cell lines under all three treatments. Thus, while NADH regulates the homodimerization and repression activities of CtBP2, it does not appear to achieve this through alterations in the cellular distribution of CtBP.
We propose that the CtBP2 homodimerization function serves as a cellular redox sensor for its co-repressor function. In such a role, CtBPs can detect the readiness of a cell to proceed with various cellular processes by the levels of cellular NAD + /NADH present. The ability of CtBP corepressors to sense the cellular redox state is likely to be speci®c to NAD + /NADH. Zhang et al. reported that the binding of hCtBP1 to E1A was insensitive to NADP + , NADPH and FAD + (11). This is not surprising since the NAD + -binding domain of CtBPs contain the conserved GXGXXG motif (where X is any amino acid), characteristic of enzymes that use NADH as a cofactor. The nucleotidebinding domains of enzymes that use NADPH as a cofactor contain a distinct GXGXXA motif (23) . The nucleotidebinding domain in the 2HAD family of bacterial enzymes moderates enzyme activity by determining the availability of the active site. The active site is found in a crevice between the nucleotide-binding and substrate-binding domains, which are connected by a¯exible hinge region (29) . Cofactor binding causes a conformational change of the dimer, thus closing the active site cleft. This effectively brings the NAD + cofactor into a favorable position relative to the substrate. Once the hydride transfer from substrate to NAD + is completed, the cleft opens again to allow the release of the enzymatic product (29) . The inability to bind NAD + /NADH, as in the case of the Gly189 mutation in mCtBP2, would leave the active site closed once the substrate is bound, thus rendering the enzyme incapable of carrying out any further catalytic reactions.
Our proposal is supported by a well-established paradigm of redox-regulated transcriptional regulation. The silent information regulator 2 protein (Sir2) in yeast mediates transcriptional silencing (32) by promoting the deacetylation of histones in a reaction that absolutely depends on the presence of NAD + (33) . A detailed mechanism for the reaction catalyzed by Sir2 has recently been proposed (34) . The proto-oncogenes c-fos and c-jun are known to be regulated by the cellular redox state. Their protein products, Fos and Jun, function cooperatively by forming a heterodimeric complex known as activator protein-1 (AP-1). AP-1 binds to the DNA regulatory element known as the AP-1-binding site. The ability of AP-1 to bind DNA is regulated by the reduction± oxidation of a single conserved cysteine residue of the DNAbinding domain of these two proteins (35) . The reduction of this residue is carried out by redox factor-1 (Ref-1), which is itself subject to redox-mediated regulation (36) . The oxidized or reduced state of cells would thus trigger a redox cascade involving Ref-1, AP-1 and possibly many other proteins, which would eventually lead to the transcriptional repression or activation of downstream target genes (37) . NADPH has been reported to reverse the oxidation of the yeast homolog of AP-1 (YAP-1) (38) .
The demonstration that CtBP is an NAD + -regulated dehydrogenase that mediates transcriptional repression (12) , and our ®nding that the level of NADH controls and regulates CtBP2 co-repressor function through its effect on CtBP2 homodimerization, provides further evidence for a broader functional role of enzymatic activity in general, and NAD + -dependent dehydrogenase activity in particular, in gene transcriptional regulation.
